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Effects of universal extra dimensions on Standard Model observables first arise at the one–
loop level. The quantization of this class of theories is therefore essential in order to perform
predictions. A comprehensive study of the SUC(3)×SUL(2)×UY(1) Standard Model defined
in a space–time manifold with one universal extra dimension, compactified on the oribifold
S1/Z2, is presented. The fact that the four–dimensional Kaluza–Klein theory is subject to
two types of gauge transformations is stressed and its quantization under the basis of the
BRST symmetry discussed. A SUC(3)× SUL(2)×UY(1)–covariant gauge–fixing procedure
for the Kaluza–Klein excitations is introduced. The connection between gauge and mass
eigenstate fields is established in an exact way. An exhaustive list of the explicit expressions
for all physical couplings induced by the Yang–Mills, Currents, Higgs, and Yukawa sectors is
presented. The one–loop renormalizability of the standard Green’s functions, which implies
that the Standard Model observables do not depend on a cutoff scale, is stressed.
1 Introduction
The phenomenological implications of extra dimensions on Standard Model (SM) observables have been
the subject of considerable interest in the literature since Antoniadis, Arkani-Hamed, Dimopoulos, and
Dvali [1] argued that relatively large extra dimensions may be detected at the TeV scale. In most scenarios,
our observed three-dimensional space is a 3-brane that is embedded in a higher D–dimensional spacetime,
which is known as the bulk. If the additional dimensions are small enough, the SM gauge and matter fields
are phenomenologically allowed to propagate in the bulk. Of course, if there are extra dimensions, they
must be smaller than the smallest scale which has been currently explored by experiments. In this work,
we will focus on a generalization of the SM to five dimensions in the universal extra dimensional (UED)
context, and we will assume that the fifth dimension is compactified on the S1/Z2 orbifold with radius R.
As a result of the compactification, each of the fields that propagate in the bulk expands into a series of
states known as a Kaluza-Klein (KK) tower, with the individual KK excitations being labeled by mode
numbers and the SM fields corresponding to the zero modes. It is well known that gauge theories in more
than four dimensions are not renormalizable in the Dyson’s sense, so that they must be recognized as
effective theories that are embedded within some other consistent UV completion, such as string theories.
The nonrenormalizable nature of higher–dimensional theories arises from the fact that their coupling
constants are dimensionful. Although at the level of the four–dimensional theory the coupling constants
are dimensionless and the corresponding Lagrangian does not involve interactions of canonical dimension
higher than four, the nonrenormalizable character manifests itself through the infinite multiplicity of the
KK modes. So, the effective theory must be cut off at some scaleMs, above which the fundamental theory
enters. In a recent paper [2], we examined the gauge structure and quantization of the four–dimensional
KK theory that arises from a five–dimensional pure Yang–Mills theory, after dimensional reduction. In
particular, we showed that this theory is subject to satisfy two types of gauge transformations, namely,
the standard gauge transformations, which are obeyed by the zero mode gauge fields A
(0)a
µ , and another
sort of local gauge transformations, which we called nonstandard gauge transformations, to which are
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subject the KK excitations A
(n)a
µ [2]. In that paper, we also showed that the SM, or light, Green’s
functions (Green’s functions whose external legs are all zero KK modes or, equivalently, SM fields) are
renormalizable at the one–loop level. More recently, this fact was proven explicitly through the direct
integration of the heavy KK excitations [3]. The cutoff insensitivity of light Green’s functions at the
one–loop level, which seems to be exclusive of UED models with one extra dimension, has already been
pointed out in previous studies on some electroweak observables [4, 5] and verified very recently [6] for the
case of one–loop radiative corrections to the trilinear WWγ and WWZ vertices. One peculiarity of UED
models is that the tree–level couplings among KK excited modes and zero modes involves strictly two or
more KK excitations. This means that the electroweak observables are insensitive to virtual effects of KK
excitations at tree level, although they can receive contributions at the one–loop level or higher orders.
The main goal of this work is to present a comprehensive study of the vertices involved in the theory,
for we think that this important predictive power of UED theories in five dimensions deserves especial
attention. This theory would serve as a basis to estimate in an unambiguous way the impact of extra
dimensions on electroweak observables. We will present a detailed study of the tree–level structure of
the four–dimensional KK theory. Our results comprise a complete list of the Lagrangians characterizing
the vertices generated by the compactified theory, including the definition of a gauge–fixing procedure
for both the SGT and the NSGT.
The rest of the paper has been organized as follows. In Sec. 2, the structure of the five–dimensional
SM and the compactification of the extra dimension, including a gauge–fixing procedure, are discussed,
whereas, in Sec. 3, a detailed list of the physical vertices of the theory is presented. In Sec. 4 the
conclusions are presented. Finally, some technical details are presented in appendices.
2 The Standard Model in five dimensions
Consider the SM defined in a five–dimensional flat space–time, in which the fifth coordinate is compactified
as a circle of radius R. From here on, the standard four–dimensional coordinates will be denoted by x,
whereas the fifth–dimension coordinate will be represented by y. In the context of UED, one assumes that
all fields and gauge parameters1 are periodic functions on this coordinate and expands them in Fourier
series along it. In general, for a given field or gauge parameter, one has:
ϕ(x, y) =
1√
2πR
ϕ(0)(x) +
∞∑
n=1
[
ϕ(n)+(x) cos
(ny
R
)
+ ϕ(n)−(x) sin
(ny
R
)]
, (1)
where the zero mode ϕ(0)(x) is identified as the corresponding four dimensional SM field and the ϕ(n)±
ones are recognized as its KK excitations. Since, in general, not all the zero modes of the Fourier series
have associated a SM counterpart, as it is the case of, for example, the fifth component of the gauge
fields, it is desirable to eliminate some of these degrees of freedom by imposing extra symmetries acting
on the fifth coordinate. One possibility is to demand that the fields of the theory obey some definite
parity property under the reflection y → −y. If we impose that the five–dimensional fields are even under
reflection, only the zero mode and the ϕ(n)+ coefficients appear in the corresponding Fourier series,
whereas if we require that such fields are odd, only the ϕ(n)− components are present in the series. To
implement this symmetry, one replaces the circle S1 by the orbifold S1/Z2 in which y is identified with
−y. In this work, we will use this orbifold construction to eliminate some degrees of freedom.
As already mentioned, theories in more than four dimensions are not renormalizable in the Dyson’s
sense. Consequently, there is no limit for the number of extra–dimensional gauge invariants that can be
introduced. In the context of the SM gauge group in five dimensions, [SUC(3) × SUL(2) × UY(1)]5, the
effective action can be written as
Seff =
∫
d4xLeff4SM , (2)
1Some phenomenological implications of having gauge parameters confined to the 3–brane are studied in [7].
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with [2, 3]
Leff4SM =
∫ 2piR
0
dy
[
L5SM +
∞∑
N
βNg
N1
5
MN2s
ON
]
. (3)
In the above expression, L5SM is the five–dimensional version of the SM, whose structure in terms of KK
modes will be discussed with some detail below. The ON are operators of canonical dimension N > 5, Ms
is the energy scale above which the new physics first directly manifests itself, and βN is a dimensionless
parameter that depends on the details of the underlying physics. In the above Lagrangian, it is assumed
that all the independent operators that respect the five–dimensional Lorentz and gauge symmetries are
included and that each of them is multiplied by an unknown dimensionless parameter βN . The canonical
dimension of each term of the series is appropriately corrected by introducing factors containing powers
of the dimensionful coupling constants g5 (the rule is to introduce a g5 per each curvature appearing in
the ON–invariant) and the Ms scale. Operators of higher canonical dimension will be more suppressed
because they will involve higher powers of the cutoff scale Ms.
We now proceed to discuss the diverse sectors of the five–dimensional generalization of the SM. The
corresponding four–dimensional Lagragian can be written as follows:
L4SM =
∫ 2piR
0
dy (L5YM + L5H + L5C + L5Y) , (4)
where L5YM, L5H, L5C, and L5Y stand for the five–dimensional Yang–Mills, Higgs, Currents, and Yukawa
sectors, respectively.
2.1 The Yang–Mills sector
We first discuss the Yang–Mills sector of the model. A comprehensive study of the gauge structure of
the SU(N) compactified theory and its quantization was presented in [2], so in the present work we will
include only those details that are essential for our discussion. This sector is given by
L4YM =
∫ 2piR
0
dy
(
−1
4
GaMN (x, y)GMNa (x, y)−
1
4
W iMN (x, y)WMNi (x, y)
−1
4
BMN (x, y)BMN (x, y)
)
, (5)
where GaMN (x, y), W iMN (x, y), and BMN (x, y) are the curvatures associated with the five–dimensional
gauge groups SUC(3), SUL(2), and UY(1), respectively. As far as discrete indices are concerned, capital
roman indices will run over the five space–time coordinates, whereas the usual four dimensional Lorentz
indices will be denoted by µ, ν, . . .. In addition, the symbols a, b · · · and i, j · · ·, will be used to denote
gauge indices associated with the SUC(3) and SUL(2) groups, respectively. We assume that the Aaµ(x, y)
(A = G,W ,B) components of a five–dimensional gauge field AaM (x, y) are even when reflecting y into −y,
so they are KK–expanded as
Aaµ(x, y) =
1√
2πR
A(0)aµ (x) +
∞∑
n=1
1√
πR
A(n)aµ (x) cos
(ny
R
)
. (6)
As to the fifth component Aa5(x, y) of AaM (x, y), an odd parity under y → −y is assumed, so its Fourier
series is
Aa5(x, y) =
∞∑
n=1
1√
πR
A
(n)a
5 (x) sin
(ny
R
)
. (7)
This parity is required in order to avoid the presence of a zero mode of this component, whose existence
would be associated with a physical scalar field without a SM counterpart. As emphasized in reference [2],
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the preservation of gauge invariance at the level of the four–dimensional theory relies on KK–expanding
the curvatures instead of the gauge fields inside the integral sign in (5). This leads to the Lagrangian
L4YM = −1
4
(
G(0)aµν G(0)aµν + G(n)aµν G(n)aµν + 2G(n)aµ5 G(n)aµ5
)
−1
4
(
W(0)iµν W(0)iµν +W(n)iµν W(n)iµν + 2W(n)iµ5 W(n)iµ5
)
−1
4
(
B(0)µν B
(0)µν +B(n)µν B
(n)µν + 2B
(n)
µ5 B
(n)µ5
)
, (8)
where the KK modes indices are placed between parentheses. As usual, sums over repeated indices,
including the modes ones, are assumed. The diverse covariant objects appearing in the above Lagrangian
are given by
F (0)aµν = F (0)aµν + gfabcA(n)bµ A(n)cν , (9)
F (n)aµν = D(0)abµ A(n)bν −D(0)abν A(n)bµ + gfabc∆nrsA(r)bµ A(s)cν , (10)
F (n)aµ5 = D(0)abµ A(n)b5 +
n
R
A(n)aµ + gf
abc∆′nrsA(r)bµ A
(s)c
5 , (11)
for the non–Abelian gauge structures (F (n)aµν = G(n)aµν , W(n)iµν ), whereas for the Abelian group one has
B(n)µν = ∂µB
(n)
ν − ∂νB(n)µ , (12)
B
(n)
µ5 = ∂µB
(n)
5 +
n
R
B(n)µ , (13)
where
F (0)aµν = ∂µA
(0)a
ν − ∂νA(0)aµ + gfabcA(0)bµ A(0)cν , (14)
B(0)µν = ∂µB
(0)
ν − ∂νB(0)µ , (15)
and
∆nrs =
1√
2
(
δr,n+s + δn,s+r + δs,n+r
)
, (16)
∆′nrs =
1√
2
(
δr,n+s + δn,s+r − δs,n+r) . (17)
In the above expressions, g represents the dimensionless couplings associated with the non–Abelian SM
gauge groups and A stands for G or W . In addition, we have employed the following definitions:
D(0)abµ = δab∂µ − gfabcA(0)cµ , (18)
D(nr)abµ = δnrD(0)abµ − gfabc∆nsrA(s)cµ , (19)
D(nr)ab5 = −δnrδab
n
R
− gfabc∆′nsrA(s)c5 . (20)
In the context of UED, where the gauge parameters propagate in the fifth dimension, both the zero
modes A
(0)a
µ and the KK ones A
(n)a
µ (A = G,W,B) are gauge fields, whereas the KK modes of the fifth
component, A
(n)a
5 , are pseudo–Goldstone bosons [2]. The zero modes of the gauge parameters define
the well known infinitesimal standard gauge transformations (SGT), under which the non–Abelian fields
A
(0)a
µ transform as gauge fields, whereas the KK excitations A
(n)a
µ and A
(n)a
5 transform under the adjoint
4
representation of the group [2]:
δA(0)aµ = D(0)abµ α(0)b , (21)
δA(n)aµ = gf
abcA(n)bµ α
(0)c , (22)
δA
(n)a
5 = gf
abcA
(n)b
5 α
(0)c . (23)
The analogous infinitesimal SGT for the Abelian case are given by
δB(0)µ = ∂µα
(0) , (24)
δB(n)µ = 0 , (25)
δB
(n)
5 = 0 . (26)
On the other hand, the KK modes of the gauge parameters, α(n)a, define local non–standard gauge
transformations (NSGT) [2]. Under this sort of infinitesimal gauge transformations, the excited KK
modes A
(n)a
µ transform as gauge fields [2], whereas the zero modes and pseudo–Goldstone bosons obey
unusual laws of transformation:
δA(0)aµ = gf
abcA(n)bµ α
(n)c , (27)
δA(n)aµ = D(nr)abµ α(r)b , (28)
δA
(n)a
5 = D(nr)ab5 α(r)b . (29)
The analogous NSGT for the Abelian case are
δB(0)µ = 0 , (30)
δB(n)µ = ∂µα
(n) , (31)
δB
(n)
5 = −
n
R
α(n) . (32)
Notice that, in the Abelian case, the laws of transformation of both B
(0)
µ and B
(n)
µ have the same form.
Also, notice that the B
(n)
5 scalars transform trivially under the SGT but not under the NSGT, which
is consistent with the fact that the latter type of gauge transformations is broken by compactification,
which in turn implies that these fields are pseudo–Goldstone bosons. In fact, these scalar fields can
be eliminated of the theory through a particular infinitesimal gauge transformation. Consider a NSGT
with infinitesimal gauge parameters given by α(n)a = (R/n)A
(n)a
5 (for the non–Abelian gauge groups)
and α(n) = (R/n)B
(n)
5 (for the Abelian group). Then, from Eqs. (29) and (32), we can see that
A
(n)a
5 → A′(n)a5 = 0 and B(n)5 → B′(n)5 = 0. In this gauge, the terms that involve these scalar fields take
the form
1
2
F (n)aµ5 F (n)aµ5 =
1
2
( n
R
)2
A(n)aµ A
(n)aµ , (33)
1
2
B(n)µ5 B(n)µ5 =
1
2
( n
R
)2
B(n)µ B
(n)µ . (34)
It is not difficult to prove that the L4YM Lagrangian is separately invariant under both the SGT and the
NSGT. The quantization of this theory was discussed in [2].
2.2 The Higgs sector
The Higgs sector is constituted by the kinetic term and the potential:
LH =
∫ 2piR
0
dy
[
(DMΦ)
†(x, y)(DMΦ)(x, y)− V(Φ†,Φ)] , (35)
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where an even parity is assumed for the five dimensional Higgs doublet, so that its corresponding KK
expansion is:
Φ(x, y) =
1√
2πR
Φ(0)(x) +
∞∑
n=1
1√
πR
Φ(n)(x) cos
(ny
R
)
. (36)
After expanding the covariant objects (DµΦ) and (D5Φ) in KK towers, and integrating out the fifth
dimension, the kinetic term can be written as:
L4HK =
∫ 2piR
0
dy (DMΦ)
†(x, y)(DMΦ)(x, y)
= (DµΦ)
(0)†(x)(DµΦ)(0)(x) + (DµΦ)(n)†(x)(DµΦ)(n)(x)
+(D5Φ)
(n)†(x)(D5Φ)(n)(x) , (37)
where, as before, any pair of repeated indices, including the modes ones, indicate a sum. The four
dimensional covariant objects (DµΦ)
(0), (DµΦ)
(m) and (D5Φ)
(m), appearing in the above expression, are
given by
(DµΦ)
(0) = D(0)µ Φ
(0) −
(
ig
σi
2
W (n)iµ + ig
′Y
2
B(n)µ
)
Φ(n) , (38)
(DµΦ)
(n) = D(nr)µ Φ
(r) −
(
ig
σi
2
W (n)iµ + ig
′Y
2
B(n)µ
)
Φ(0) , (39)
(D5Φ)
(n) = D
(nr)
5 Φ
(r) −
(
ig
σi
2
W
(n)i
5 + ig
′Y
2
B
(n)
5
)
Φ(0) , (40)
where
D(0)µ = ∂µ − ig
σi
2
W (0)iµ − ig′
Y
2
B(0)µ , (41)
D(nr)µ = δ
nrD(0)µ −∆nsr
(
ig
σi
2
W (s)iµ + ig
′Y
2
B(s)µ
)
, (42)
Dnr5 = −δnr
n
R
−∆′nsr
(
ig
σi
2
W
(s)i
5 + ig
′Y
2
B
(s)
5
)
. (43)
Under the electroweak group, Φ(0) and Φ(n) transform as:
δΦ(0) = −
(
ig
σi
2
α(0)i + ig′
Y
2
α(0)
)
Φ(0) −
(
ig
σi
2
α(n)i + ig′
Y
2
α(n)
)
Φ(n) , (44)
δΦ(n) = −
(
ig
σi
2
α(0)i + ig′
Y
2
α(0)
)
Φ(n) −
(
ig
σi
2
α(r)i + ig′
Y
2
α(r)
)(
δnrΦ(0) +∆nsrΦ(s)
)
. (45)
The infinitesimal SGT are obtained by taking α(n)i = 0 = α(n) in Eqs.(44) and (45), while the NSGT are
derived when α(0)i = 0 = α(0) in such expressions. It is assumed that Φ(0) develops a vacuum expectation
value (VEV), but the excited KK doublets Φ(n) do not.
On the other hand, the Higgs potential is given by
V4 =
∫ 2piR
0
dy
[
µ2
(
Φ†(x, y)Φ(x, y)
)
+ λ5
(
Φ†(x, y)Φ(x, y)
)2]
. (46)
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Since the the Higgs doublet has canonical dimension 3/2, µ and λ5 have units of mass and inverse of
mass, respectively. Once integrated out the fifth dimension, one obtains
V4 = µ
2
(
Φ(0)†Φ(0)
)
+ λ
(
Φ(0)†Φ(0)
)2
+
[
µ2 + 2λ
(
Φ(0)†Φ(0)
)](
Φ(n)†Φ(n)
)
+λ
(
Φ(0)†Φ(n) +Φ(n)†Φ(0)
)(
Φ(0)†Φ(n) +Φ(n)†Φ(0)
)
+2λ∆npq
(
Φ(0)†Φ(n) +Φ(n)†Φ(0)
)(
Φ(p)†Φ(q)
)
+ λ∆npqr
(
Φ(n)†Φ(p)
)(
Φ(q)†Φ(r)
)
, (47)
with λ = (λ5/2πR) and
∆npqr =
1
2
(
δn,p+q+r + δp,n+q+r + δq,n+p+r + δr,n+p+q + δn+p,q+r + δn+q,p+r + δn+r,p+q
)
. (48)
When the Φ(0) Higgs doublet develops the vacuum expectation value Φ†0 = (0, v/
√
2), the KK zero modes
of the theory acquire masses as it occurs in the SM, while the masses of the excited ones receive corrections
at this scale. The details of this are presented in Appendix A.
2.3 A covariant gauge–fixing procedure
Now we turn to introduce a gauge–fixing procedure of renormalizable type. As it has been emphasized
through the paper, the theory is invariant under two sets of infinitesimal gauge transformations [2]:
the SGT and the NSGT. Consequently, two gauge–fixing procedures must be introduced in order to
define propagators for the zero KK gauge modes, A
(0)
µ , and the excited ones, A
(n)
µ (A = G,W,B). Due
to the fact that the SGT are defined by the zero modes of the gauge parameters, whereas the NSGT
depend exclusively on the excited ones, it is possible to introduce independent methods to remove the
degeneration of the theory with respect to each of these sets of transformations [2]. In the context of
the SM, besides defining the gauge propagators, the Rξ–gauges allow us to remove some bilinear terms
of the Lagrangian that involve gauge and pseudo–Goldstone bosons, which arise as a consequence of a
spontaneous symmetry breaking implemented in the theory. In our case, these types of terms arise from
the Higgs mechanism and also from the compactification of the fifth dimension [2].
Since the excited KK Higgs doublets Φ(n) do not develop a VEV, the Higgs mechanism is implemented
in the standard way, via a VEV of the KK zero–mode doublet Φ(0). In this case, the bilinear terms
involving electroweak gauge bosons and their pseudo–Goldstone bosons are induced by the Higgs kinetic
term
(D(0)µ Φ
(0))†(D(0)µΦ(0)) =
(
D(0)µ Φ
(0)
0
)† (
D(0)µΦˆ(0)
)
+H. c.+ · · · , (49)
where Φ
(0)†
0 = (0, v/
√
2) and Φˆ(0) = Φ(0) − Φ(0)†0 . Diverse gauge–fixing procedures that remove the
degeneration with respect to the SGT transformations and eliminate this bilinear term are well known
in the literature. Here, we limit our discussion to a gauge–fixing procedure that is covariant under the
electromagnetic gauge group and considerably simplifies the calculations of loop amplitudes [8]. Under
such circumstances, the fixation of the gauge for the SGT is determined by the following gauge–fixing
functions:
• SUC(3)
f (0)a = ∂µG
(0)aµ , (50)
• SUL(2)
f (0)i =
(
δij∂µ − g′ǫij3B(0)µ
)
W (0)jµ +
igξ
2
[
Φ(0)†
(
σi − iǫij3σj)Φ(0)0
−Φ(0)†0
(
σi + iǫij3σj
)
Φ(0) + iǫij3Φ(0)†σjΦ(0)
]
, (51)
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• UY(1)
f (0) = ∂µB
(0)µ +
igξ
2
(
Φ(0)†Φ(0)0 − Φ(0)0 Φ(0)
)
. (52)
It is not difficult to convince ourselves that this gauge–fixing procedure for the electroweak sector allows
us to define the W propagator in a covariant way under the Ue(1) group.
On the other hand, the compactification of the fifth dimension produces bilinear terms that involve
gauge fields A
(n)
µ and scalar fields A
(n)
5 (A = G,W,B). These terms arise from
− 1
2
(
G(n)aµ5 G(n)aµ5 +W(n)iµ5 W(n)iµ5 + B(n)µ5 B(n)µ5
)
. (53)
In addition, the Higgs mechanism induces bilinear terms among the charged component φ(n)± and the
imaginary component φ
(n)
I of the scalar doublet Φ
(n) with the scalar fieldsW
(n)±
5 andW
(n)3
5 , respectively.
These terms arise specifically from
(D5Φ)
(n)†(D5Φ)(n) . (54)
In Ref. [2], we showed how to eliminate the bilinear terms appearing in Eq.(53) through a gauge–fixing
procedure for the NSGT that is covariant under the SGT. Here, we generalize this method to cancel the
bilinear terms of expression (54) as well. To this end, we introduce the following gauge–fixing procedure
for the NSGT:
• SUC(3)
f (n)a = D(0)abµ G(n)bµ − ξ
( n
R
)
G
(n)a
5 . (55)
• SUL(2)
f (n)i = D(0)ijµ W (n)jµ − ξ
( n
R
)
W
(n)i
5 + igξ
(
Φ(n)†
σi
2
Φ(0) − Φ(0)†σ
i
2
Φ(n)
)
. (56)
• UY(1)
f (n) = ∂µB
(n)µ − ξ
( n
R
)
B
(n)
5 + ig
′ξ
(
Φ(n)†
Y
2
Φ(0) − Φ(0)† Y
2
Φ(n)
)
. (57)
This gauge–fixing procedure for the the NSGT is covariant under the SGT. In fact, the gauge–fixing
functions f (n)a and f (n)i transform under the adjoint representation of SUC(3) and SUL(2), respectively,
whereas f (n) is invariant under UY(1).
The quantum theory of gauge systems is governed by the BRST symmetry [9], which, at the classical
level, emerges naturally in the context of the field–antifield formalism [10]. The extended action in five
dimensions can be written as follows [2]:
S =
∫
d4x
∫
dy
[
L5SM +
∑
A=G,W
(
A∗MaDabMCb +
1
2
g5f
abcC∗c CbCa + C¯∗aBa
)
+Φ∗
σi
2
δΦ+ B∗M∂MC + C¯∗B
]
, (58)
where the asterisk denotes antifields, whereas the C fields stand for the Faddeev–Popov ghosts. Ad-
ditionally, the C¯ and B fields are known as trivial pairs, with the former representing the well known
Faddeev–Popov antighosts and the latter incarnating the so–called auxiliary fields. As we will see later,
the presence of such objects is needed to remove the degeneration associated to gauge symmetry. In the
above expression, the last two terms correspond to the Abelian group. It is important to note that we
have included the antifields for the Higgs doublet, which are needed in theories with spontaneous symme-
try breaking in order to introduce a gauge–fixing procedure that allows us to generate unphysical masses
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for pseudo-Goldstone bosons and ghosts. Within this formalism, the compactified extended action [2],
which is a functional of fields and antifields, is given by
S =
∫
d4x
{
L4SM +
∑
A=G,W
[
A(0)∗µa D(0)abµC(0)b +
1
2
gfabcC(0)∗c C
(0)bC(0)a + C¯(0)∗aB(0)a
+A(m)∗µa D(mn)abµC(n)b −A(m)∗5a D(mn)abC(n)b +
1
2
gfabcC(0)∗c C
(m)bC(m)a
+
1
2
fabcC(m)∗c
(
C(0)bC(m)a + C(0)aC(m)b +∆mrnC(r)bC(n)a
)
+ C¯(m)∗aB(m)a
]
+Φ(0)∗δΦ(0) +Φ(m)∗δΦ(m) +B(0)∗µ ∂
µC(0) + C¯(0)∗B(0) +B(m)∗µ ∂
µC(m)
−m
R
B
(m)
5 C
(m) + C¯(m)∗B(m)
}
, (59)
where
δΦ(0) = ig
σi
2
Φ(0)C(0)i + g′
Y
2
Φ(0)C(0) , (60)
δΦ(m) = ig
σi
2
(
Φ(0)C(m)i +Φ(m)C(0)i +∆mrsΦ(r)C(s)i
)
+ig′
Y
2
(
Φ(0)C(m) +Φ(m)C(0) +∆mrsΦ(r)C(s)
)
. (61)
The above action still possesses gauge invariance, so that a gauge–fixing procedure must be introduced
to lift such degeneration. On the other hand, the antifields do not represent true degrees of freedom, for
which they must be removed of the theory before quantizing it. The gauge–fixing procedure is determined
through a criterion that permits us to remove the antifields of the theory in a nontrivial way (they cannot
be just set to zero). The criterion that allows one to eliminate the antifields and, at the same time, to
lift the degeneration consists in the following: one introduces a fermionic functional of the fields, Ψ[Φ],
with ghost number -1 and such that, for a given antifield Φ∗A, it satisfies
Φ∗A =
∂Ψ
∂ΦA
. (62)
Notice that the presence of the trivial pairs, C¯a and Ba, is necessary since the only fields with ghost
number −1 are precisely the antighosts. To lift the degeneration with respect to the SGT, we introduce
the following fermionic functional
ΨSGT =
∫
d4x
[
C¯(0)a
(
f (0)a +
ξ
2
B(0)a + gfabcC¯(0)bC(0)c
)
+C¯(0)i
(
f (0)i +
ξ
2
B(0)i + gǫijkC¯(0)jC(0)k
)
+ C¯(0)
(
f (0) +
ξ
2
B(0)
)]
. (63)
On the other hand, we can to lift the degeneration associated with the NSGT through the fermionic
functional
ΨNSGT =
∫
d4x
[
C¯(m)a
(
f (m)a +
ξ
2
B(m)a + gfabc∆mrnC¯(r)bC(n)c
)
+C¯(m)i
(
f (m)i +
ξ
2
B(m)i + gǫijk∆mrnC¯(r)jC(n)k
)
+ C¯(m)
(
f (m) +
ξ
2
B(m)
)]
. (64)
Once removed the antifields, via Eq.(62), and eliminated the auxiliary fields, by using the equations of
motion, one obtains the gauge–fixed BRST action
SΨ =
∫
d4x
[
L4SM + LGF + LFPG
]
, (65)
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where LGF is the gauge–fixing term, given by
LGF = − 1
2ξ
∑
A=G,W
(
f (0)af (0)a + f (m)af (m)a
)
− 1
2ξ
(
f (0)f (0) + f (m)f (m)
)
, (66)
and LFPG is the Faddeev–Popov ghost Lagrangian, which can be decomposed into two parts as
LFPG = L1FPG + L2FPG , (67)
where L1FPG contains the interactions between gauge and ghost fields:
L1FPG =
∑
A=G,W
[
C¯(0)c
∂f (0)c
∂A
(0)a
µ
D(0)abµC(0)b − 2g
ξ
fabcf (0)aC¯(0)bC(0)c
+C¯(m)c
(
∂f (m)c
∂A
(n)a
µ
D(nr)abµ − ∂f
(m)c
∂A
(n)a
5
D(nr)ab5
)
C(r)b − 2g
ξ
fabc∆mrnf (m)aC¯(r)bC(n)c
]
+
(
C¯(0)j
∂f (0)j
∂Φ
(0)
i
+ C¯(0)
∂f (0)
∂Φ
(0)
i
)
δΦ
(0)
i +
(
C¯(n)j
∂f (n)j
∂Φ
(m)
i
+ C¯(n)
∂f (n)
∂Φ
(m)
i
)
δΦ
(m)
i
+C¯(0)
∂f (0)
∂B
(0)
µ
∂µC(0) + C¯(m)
∂f (m)
∂B
(n)
µ
∂µC(n) . (68)
On the other hand, L2FPG contains only quartic interactions among ghost fields,
L2FPG =
g2
2
fabcf cde
∑
A=G,W
{
C¯(0)dC¯(0)e
[(
1− 4
ξ
)
C(0)bC(0)a + C(m)aC(m)b
]
+∆mpqC¯(p)dC¯(q)e
(
C(0)bC(m)a +C(0)aC(m)b +∆mrnC(r)bC(n)a
)}
. (69)
2.4 The Currents and Yukawa sectors
In five dimensions, the Dirac fields are still objects with four components, as in the four–dimensional
case. This is due to the fact that the standard Dirac matrices ΓM = γµ, iγ5 satisfy the Clifford algebra[
ΓM , ΓN
]
+
= 2gMN , (70)
where [, ]+ stands for the anticommutator and g
MN = (+ − − − −) is the five–dimensional metric
tensor. However, there is no chirality in five dimensions. The reason is that it is impossible to construct a
nilpotent Γ5 matrix that, in addition, anticommute with all the ΓM . So, in five dimensions, no interactions
of the gauge bosons associated with the SU(2) gauge group distinguishing chirality can be constructed.
Fortunately, the y → −y parity operation can be used to reproduce the left–handed doublets and right–
handed singlets of SUL(2) at the four–dimensional level. Under this symmetry operation, the five–
dimensional Dirac fields transform as ψ → γ5ψ(x,−y). Taking into account this and the fact that in
four dimensions right–handed fermions appear only as SUL(2)–singlets, whereas left–handed fermions are
present only as SUL(2)–doublets, we demand that the corresponding five–dimensional representations of
this group, f(x, y) and F (x, y), are, respectively, even and odd under this transformation. Accordingly,
one can write
f(x, y) =
1√
2πR
f
(0)
R (x) +
∞∑
n=1
1√
πR
[
fˆ
(n)
R (x) cos
(ny
R
)
+ fˆ
(n)
L (x) sin
(ny
R
)]
, (71)
F (x, y) =
1√
2πR
F
(0)
L (x) +
∞∑
n=1
1√
πR
[
F
(n)
L (x) cos
(ny
R
)
+ F
(n)
R (x) sin
(ny
R
)]
. (72)
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The zero mode f
(0)
R (x) represents one of the SM right–handed SUL(2)–singlets: a charged lepton e
(0)(x),
a quark of type up u(0)(x) or a quark of type down d(0)(x). In addition, the zero mode F
(0)
L (x) stands for a
SM left–handed lepton doublet L(0)(x) or a quark doublet Q(0)(x). The KK modes fˆ
(n)
L
(
fˆ
(n)
R
)
stand for
left–handed (right–handed) SUL(2)–singlets, whereas F
(n)
L
(
F
(n)
R
)
represents left–handed (right–handed)
SUL(2)–doublets. Let us establish our notation as follows:
F
(0)
L =

 f
(0)
uL
f
(0)
dL

 , F (n)L =

 f
(n)
uL
f
(n)
dL

 , F (n)R =

 f
(n)
uR
f
(n)
dR

 , (73)
where the subscript u denotes a neutrino or quark of type up, while d stands for charged leptons or quarks
of type down. As we will see below, after compactification, the SM fermions are given by f (0) = f
(0)
L +f
(0)
R .
On the other hand, the excited KK modes define massive states of type left, F
(n)
L + F
(n)
R , and right,
fˆ
(n)
L + fˆ
(n)
R . It is an interesting feature of theories formulated in compactified extra dimensions that
the mass terms corresponding to the excited KK modes are invariant under the four–dimensional gauge
group.
The Currents sector is given by the Lagrangian
L4C =
∫ 2piR
0
[ ∑
L1,L2,L3
iL¯(x, y)ΓMDML(x, y) +
∑
e,µ,τ
ie¯(x, y)ΓMDMe(x, y)
+
∑
Q1,Q2,Q3
iQ¯(x, y)ΓMDMQ(x, y) +
∑
u,c,t
iu¯(x, y)ΓMDMu(x, y)
+
∑
d,s,b
id¯(x, y)ΓMDMd(x, y)
]
, (74)
where
DM = ∂M − igs5λ
a
2
GaM − ig5
σi
2
W iM − ig′5
Y
2
BM , (75)
with λa representing the Gell–Man matrices. After expanding in Fourier series and integrating out the y
coordinate, the Currents sector can be written as follows:
L4C =
∑
L1,L2,L3,Q1,Q2,Q3
[
iF¯
(0)
L γ
µ(DµF )
(0)
L + iF¯
(n)
L γ
µ(DµF )
(n)
L + iF¯
(n)
R γ
µ(DµF )
(n)
R
−F¯ (0)L (D5F )(0)L − F¯ (n)L (D5F )(n)L + F¯ (n)R (D5F )(n)R
]
+
∑
e,µ,τ,d,s,b,u,c,t
[
if¯
(0)
R γ
µ(Dµfˆ)
(0)
R + i
¯ˆ
f
(n)
R γ
µ(Dµfˆ)
(n)
R + i
¯ˆ
f
(n)
L γ
µ(Dµfˆ)
(n)
L
−f¯ (0)R (D5fˆ)(0)R − ¯ˆf (n)R (D5fˆ)(n)R + ¯ˆf (n)L (D5fˆ)(n)L
]
. (76)
The diverse covariant objects appearing in this expression are listed in Appendix B.
The five–dimensional Yukawa sector is given by
− L4Y =
∫ 2piR
0
dy
[
+
∑
families
λ5e L¯(x, y)e(x, y)Φ(x, y) + H. c.
+
∑
families
λ5d Q¯(x, y)d(x, y)Φ(x, y) + H. c.
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+
∑
families
λ5u Q¯(x, y)u(x, y)Φ˜(x, y) + H. c.
]
, (77)
where Φ˜(x, y) = iσ2Φ∗(x, y). Integrating out the y coordinate, one obtains
− L4Y =
∑
families
λe
[
L¯
(0)
L e
(0)
R Φ
(0) +
(
L¯
(n)
L eˆ
(n)
R + L¯
(n)
R eˆ
(n)
L
)
Φ(0) +
(
L¯
(0)
L eˆ
(n)
R + L¯
(n)
L e
(0)
R
)
Φ(n)
+
(
∆nrsL¯
(n)
L eˆ
(r)
R +∆
′snrL¯(n)R eˆ
(r)
L
)
Φ(s)
]
+ H. c.
+
∑
families
λd
[
Q¯
(0)
L d
(0)
R Φ
(0) +
(
Q¯
(n)
L dˆ
(n)
R + Q¯
(n)
R dˆ
(n)
L
)
Φ(0) +
(
Q¯
(0)
L dˆ
(n)
R + Q¯
(n)
L d
(0)
R
)
Φ(n)
+
(
∆nrsQ¯
(n)
L dˆ
(r)
R +∆
′snrQ¯(n)R dˆ
(r)
L
)
Φ(s)
]
+ H. c.
+
∑
families
λu
[
Q¯
(0)
L u
(0)
R Φ˜
(0) +
(
Q¯
(n)
L uˆ
(n)
R + Q¯
(n)
R uˆ
(n)
L
)
Φ˜(0) +
(
Q¯
(0)
L uˆ
(n)
R + Q¯
(n)
L u
(0)
R
)
Φ˜(n)
+
(
∆nrsQ¯
(n)
L uˆ
(r)
R +∆
′snrQ¯(n)R uˆ
(r)
L
)
Φ˜(s)
]
+ H. c. (78)
where λi = λ5i/
√
2πR.
The Currents sector generates masses proportional to n/R for the excited fermion KK modes, whereas
in the Yukawa sector the Higgs mechanism endows the zero modes with mass at the same time that induces
corrections to the gauge masses of the excited KK states. The term of the Yukawa sector involving only
zero modes is diagonalized in the standard way, i.e., the flavor space vectors N
(0)
L (neutrinos), E
(0)
L,R
(charged leptons), U
(0)
L,R (quarks of up type), and D
(0)
L,R (quarks of down type) are transformed into mass
eigenstates via the unitary matrices V eL , V
e
L,R, V
u
L,R, and V
d
L,R, respectively. As far as the KK excitations
are concerned, we demand that the corresponding KK vectors N
(n)
L,R, E
(n)
L,R, U
(n)
L,R, and D
(n)
L,R transform
through V eL , V
e
L , V
u
L , and V
d
L , respectively. On the other hand, in the case of the Eˆ
(n)
L,R, Uˆ
(n)
L,R, and Dˆ
(n)
L,R
partners, we impose the condition that they transform via the matrices V eR, V
u
R , and V
d
R . With this
choice no new sources of family flavor changing are present. A complete analysis of this is presented in
Appendix C.
3 The vertices of theory
One important feature of UED models is the conservation of the momentum in the extra dimensions. As a
consequence, at tree level one can only couple two or more KK excitations to a zero–mode field (SM field).
This means that electroweak observables are not sensitive to virtual effects of KK excitations at tree level,
but only at the one–loop level or higher orders. This is the reason why experimental constraints on UED
models are quite weak [5]. Although the one–loop effects of KK excitations on SM Green’s functions
(light Green’s functions) are determined by trilinear and quartic couplings of the way ϕ(0)ϕ(n)ϕ(n) and
ϕ(0)ϕ(0)ϕ(n)ϕ(n), the purpose of this section is to present a complete list of all the physical vertices of
the theory.
3.1 Scalar selfcouplings
Couplings among scalars only can arise from the Higgs potential. The only SM Higgs field is the Higgs
boson H(0). The rest of the physical scalars (see Appendix A) are just KK excitations, namely, the
12
charged scalars H(n)±, the KK excitations of H(0), denoted by H(n), and the neutral CP–odd scalars
A(n). The scalar vertices that can contribute to SM Green’s functions at the one–loop level are given by
the Lagrangian
L1S = −
gm2
H(0)
4mW (0)
H(0)
(
H(0)H(0) +
3
2
H(n)H(n) + 2c2αH
(n)−H(n)+ + c2βA
(n)A(n)
)
− g
2m2
H(0)
32m2
W (0)
H(0)H(0)
(
H(0)H(0) + 3H(n)H(n) + 4c2αH
(n)−H(n)+ + 2c2βA
(n)A(n)
)
, (79)
where the SM couplings were included. Although the rest of the couplings among scalars do not contribute
to the SM Green’s functions at the one–loop level, they can do it at higher orders or impact nonstandard
observables through
L2S = −
(
gm2
H(0)
2mW (0)
+
g2m2
H(0)
4m2
W (0)
H(0)
)
∆nrsH(n)
[
c2αH
(r)−H(s)+ +
1
2
(
H(r)H(s) + c2βA
(r)A(s)
)]
, (80)
L3S = −
g2m2
H(0)
8m2
W (0)
∆npqr
[
c2αH
(n)−H(p)+ +
1
2
(
H(n)H(p) + c2βA
(n)A(p)
)]
×
[
c2αH
(q)−H(r)+ +
1
2
(
H(q)H(r) + c2βA
(q)A(r)
)]
. (81)
It is important to keep in mind our convention of sum over repeated KK indices, which run from 1 to
infinity. This notation will be systematically used through the paper.
3.2 Scalar–gauge boson couplings
The couplings among physical scalars (H(0), H(n)±, H(n), A(n)) and gauge bosons arise from the kinetic
term of the Higgs sector and also from the Yang–Mills term 12W
(n)−
µ5 W(n)+µ5. The last is due to the
fact that φ(n)± and W (n)±5 mix to produce the mass eigenstate H
(n)± and the pseudo–Goldstone boson
G±
W (n)
(see Appendix A). Similarly, the φ
(n)
I −W (n)35 mixing leads to the physical CP–odd mass–eigenstate
scalar A(n) and to the pseudo–Goldstone boson GZ(n) . The Lagrangian of this sector can conveniently
be reorganized as follows:
LKinetic = (DµΦ)(n)†(DµΦ)(n) + (D5Φ)(n)†(D5Φ)(n)
+W(n)+µ5 W(n)−µ5 +
1
2
W(n)3µ5 W(n)3µ5 +
1
2
B
(n)
µ5 B
(n)µ
5 , (82)
where
(DµΦ)
(n) = ∂µΦ
(n) − ig
(
O(0)µ Φ(n) +O(n)µ Φ(0) +∆nrsO(s)µ Φ(r)
)
, (83)
(D5Φ)
(n) = − n
R
Φ(n) − ig
(
O(n)5 Φ(0) +∆′nrsO(s)5 Φ(r)
)
, (84)
with
O(m)µ =
1√
2
(
W (m)+µ σ
+ +W (m)−µ σ
−
)
+
1
2cW
Z(m)µ
(
σ3 − 2s2WQ
)
+ sWA
(m)
µ Q , m = 0, 1, · · · , (85)
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O(m)5 =
1√
2
[(
−sαH(m)+ + cαG+W (m)
)
σ+ +
(
sαH
(m)− − cαG−W (m)
)
σ−
]
+
1
2cW
(
−sβA(m) + cβGZ(m)
) (
σ3 − 2s2WQ
)
+ sWGA(m)Q , m = 1, 2, · · · . (86)
In the above expressions, σ± = 12 (σ
1 ± iσ2) and Q = σ32 + Y2 . Also, it should be noticed that O(m)5 =
−O(m)5 . On the other hand, the Yang–Mills tensor structures appearing in Eq. (82) are given by
W(n)+µ5 =
n
R
W (n)+µ − isα
(
D(0)eµH
(n)+
)
+ icα
(
D(0)eµ G
+
W (n)
)
−gcWZ(0)µ
(
sαH
(n)+ − cαG+W (n)
)
+igW (0)+µ
[
cW
(
−sβA(n) + cβGZ(n)
)
+ sWGA(n)
]
+ig∆′nrs
{
W (r)+µ
[
cW
(
−sβA(s) + cβGZ(s)
)
+ sWGA(s)
]
−i
(
cWZ
(r)
µ + sWA
(r)
µ
)(
sαH
(s)+ − cαG+W (s)
)}
, (87)
W(n)3µ5 =
n
R
(
cWZ
(n)
µ + sWA
(n)
µ
)
− cW
(
sβ∂µA
(n) − cβ∂µGZ(n)
)
+ sW∂µGA(n)
+g
[
sα
(
W (0)+µ H
(n)− +W (0)−µ H
(n)+
)
− cα
(
W (0)+µ G
−
W (n)
+W (0)−µ G
+
W (n)
)]
+g∆′nrs
[
sα
(
W (r)+µ H
(s)− +W (r)−µ H
(s)+
)
− cα
(
W (r)+µ G
−
W (s)
+W (r)−µ G
+
W (s)
)]
, (88)
B
(n)
µ5 =
n
R
(
cWA
(n)
µ − sWZ(n)µ
)
+ sW
(
sβ∂µA
(n) − cβ∂µGZ(n)
)
+ cW ∂µGA(n) . (89)
In the above expressions, GW (n) , GZ(n) , and GA(n) are the pseudo Goldstone bosons associated with the
W (n), Z(n), and A(n) KK gauge bosons, respectively (see Appendix A for their definition through the α
and β angles).
Many physical couplings are induced by the Lagrangian (82), but not all contribute at the one–loop
level to SM observables. In particular, those terms that are proportional to the factors ∆nrs or ∆′nrs
first contribute to SM observables at the two–loop level, although they generate contributions to non–SM
observables still at the tree level. Such interactions involve only one SM field or no SM fields. Here, we
derive explicit expressions for the pieces of LKinetic that generate the most important effects of the fifth
dimension on SM Green’s functions, which first occur at the one–loop level.
The couplings of the Higgs boson to pairs of KK excitations are given by
LH(0)(KK)(KK) = gmW (0)H(0)
(
W (0)−µ W
(0)+µ +W (n)−µ W
(n)+µ
)
+
gmZ(0)
2cW
H(0)
(
Z(0)µ Z
(0)µ + Z(n)µ Z
(n)µ
)
+
igcα
2
[
H(0)
(
W (n)−µ ∂
µH(n)+ −W (n)+µ ∂µH(n)−
)
−
(
W (n)−µ H
(n)+ −W (n)+µ H(n)−
)
∂µH(0)
]
− gcβ
2cW
Z(n)µ
(
A(n)∂µH(0) −H(0)∂µA(n)
)
. (90)
Notice that the standard couplings involving only zero modes have also been included. On the other
hand, the electroweak gauge bosons couple to pairs of KK excitations as follows:
LW (0)(KK)(KK) = gmW (0)H(n)
(
W (0)+µ W
(n)−µ +W (0)−µ W
(n)+µ
)
14
+
g
2
(2cW sαsβ + cαcβ)
[
A(n)
(
W (0)+µ ∂
µH(n)− +W (0)−µ ∂
µH(n)+
)
−
(
W (0)+µ H
(n)− +W (0)−µ H
(n)+
)
∂µA(n)
]
− igcα
2
[
H(n)
(
W (0)+µ ∂
µH(n)− −W (0)−µ ∂µH(n)+
)
−
(
W (0)+µ H
(n)− −W (0)−µ H(n)+
)
∂µH(n)
]
+
3
2
igcW cβmZ(0)A
(n)
(
W (0)−µW (n)+µ −W (0)+µW (n)−µ
)
+gcα
[
mW (0)sWA
(n)
µ −mZ(0)
(
1 + 2s2W
4
)
Z(n)µ
]
×
(
W (0)+µ H
(n)− +W (0)−µ H
(n)+
)
, (91)
LZ(0)(KK)(KK) = −igcW
(
1− c
2
α
2c2W
)
Z(0)µ
(
H(n)+∂µH(n)− −H(n)−∂µH(n)+
)
−gcαmZ(0)Z(0)µ
(
H(n)−W (n)+µ +H(n)+W (n)−µ
)
+
gcβ
2cW
Z(0)µ
(
A(n)∂µH(n) −H(n)∂µA(n)
)
+
gmZ(0)
cW
Z(0)µ Z
(n)µH(n) , (92)
LA(0)(KK)(KK) = −ieA(0)µ
(
H(n)+∂µH(n)− −H(n)−∂µH(n)+
)
. (93)
The couplings of two Higgs bosons with pairs of KK excitations are given by
LH(0)H(0)(KK)(KK) =
g2
4
H(0)H(0)
(
W (0)−µ W
(0)+µ +W (n)−µ W
(n)+µ
)
+
g2
8c2W
H(0)H(0)
(
Z(0)µ Z
(0)µ + Z(n)µ Z
(n)µ
)
. (94)
There are also couplings involving a Higgs boson and an electroweak gauge boson with pairs of KK
excitations:
LH(0)V (0)(KK)(KK) =
g2
2
H(0)
[
2cα
(
sWA
(0)µ − s
2
W
c2W
Z(0)µ
)(
H(n)−W (n)+µ +H
(n)+W (n)−µ
)
+
1
c2W
H(n)Z(0)µ Z
(n)µ +H(n)
(
W (0)−µW (n)+µ +W
(0)+µW (n)−µ
)
+icβA
(n)
(
W (0)−µW (n)+µ −W (0)+µW (n)−µ
) ]
. (95)
Finally, the couplings of two gauge bosons with pairs of KK excitations are given by
LW (0)W (0)(KK)(KK) =
g2
4
{
W (0)−µ W
(0)+µ
[
2
(
1 + s2α
)
H(n)−H(n)+
+H(n)H(n) +
(
c2β + 4c
2
W s
2
β
)
A(n)A(n)
]
+2s2α
(
W (0)+µ W
(0)+µH(n)−H(n)− +W (0)−µ W
(0)−µH(n)+H(n)+
)}
, (96)
LZ(0)Z(0)(KK)(KK) = g2Z(0)µ Z(0)µ
[(
c2W s
2
α +
c2W
2c2W
c2α
)
H(n)−H(n)+
+
1
4c2W
(
H(n)H(n) + c2βA
(n)A(n)
)]
, (97)
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LA(0)A(0)(KK)(KK) = e2A(0)µ A(0)µH(n)−H(n)+ , (98)
LA(0)Z(0)(KK)(KK) = egcW
(
2s2α +
c2W
c2W
c2α
)
A(0)µ Z
(0)µH(n)−H(n)+ , (99)
LV (0)W (0)(KK)(KK) = ig2
[
sW cW
(
sαsβ +
cαcβ
2cW
)
A(0)µ
+c2W
(
sαsβ +
s2W
2c3W
cαcβ
)
Z(0)µ
]
A(n)
(
W (0)+µ H
(n)− −W (0)−µ H(n)+
)
+
egcα
2
(
A(0)µ − sW
2cW
Z(0)µ
)
H(n)
(
W (0)+µ H
(n)− +W (0)−µ H
(n)+
)
. (100)
3.3 Trilinear and quartic gauge boson couplings
We now turn to present the couplings among the SM gauge bosons and their KK excitations. These
couplings are produced by the Yang–Mills sector and can be modified in a nontrivial way if a nonlinear
gauge–fixing procedure, as the one discussed above, is introduced. We present the interactions that arise
from the electroweak theory, which have been partially discussed in Ref. [6], in the context of a nonlinear
gauge. We start by displaying those couplings that contribute to SM Green’s functions at the one–loop
level. In each case, the SM couplings will be included for comparison purposes. The trilinear vertices can
be written as follows:
LW (0)3W (n)−W (n)+ = −ig
[(
W (0)+µν W
(0)−ν −W (0)−µν W (0)+ν
)
W (0)3µ
+W (0)3µν W
(0)−µW (0)+ν + LSGTGF−1
+
(
W (n)+µν W
(n)−ν −W (n)−µν W (n)+ν
)
W (0)3µ
+W (0)3µν W
(n)−µW (n)+ν + LNSGTGF−1
]
, (101)
where the gauge–dependent terms LSGTGF−1 and LNSGTGF−1 are present only if a nonlinear gauge–fixing pro-
cedure for removing the degeneration associated with the SGT [8] and the NSGT [2, 6] has been in-
troduced. Such terms do not exist in the unitary or linear Rξ–gauge. In this expression, W
(0,n)3 =
cWZ
(0,n) + sWA
(0,n), W
(0,n)±
µν = ∂µW
(0,n)±
ν − ∂νW (0,n)±µ , and W (0,n)3µν = ∂µW (0,n)3ν − ∂νW (0,n)3µ . It is
important to notice that the Lorentz structure of the vertex W (n)−W (n)+W (0)3 coincides exactly with
that of W (0)−W (0)+W (0)3, which is the SM vertex. On the other hand, there are also vertices containing
only one SM W (0)± field, and they are given by the following Lagrangian:
LW (0)∓W (n)±W (n)3 = −ig
[(
W (n)−µν W
(n)3ν −W (n)3µν W (n)−ν
)
W (0)+µ +W (0)+µν W
(n)3µW (n)−ν
−
(
W (n)+µν W
(n)3ν −W (n)3µν W (n)+ν
)
W (0)−µ
−W (0)−µν W (n)3µW (n)+ν + LNSGTGF−2
]
. (102)
We can write the quartic vertices as
LW (0)3W (0)3W (n)−W (n)+ =
g2
2
[ (
W (0)−µ W
(0)3
ν −W (0)−ν W (0)3µ
)
×
(
W (0)+νW (0)3µ −W (0)+µW (0)3ν
)
+ LSGTGF−3
+
(
W (n)−µ W
(0)3
ν −W (n)−ν W (0)3µ
)
×
(
W (n)+νW (0)3µ −W (n)+µW (0)3ν
)
+ LNSGTGF−3
]
. (103)
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Once again, notice that theW (0)3W (0)3W (0)−W (0)+ andW (0)3W (0)3W (n)−W (n)+ vertices have the same
Lorentz structure. The above couplings involve only SM neutral gauge fields. The quartic vertices
involving the SM charged fields are given by
LW (0)−W (0)+W (n)3W (n)3 =
g2
2
(
W (0)+µ W
(n)3
ν −W (n)3µ W (0)+ν
)
×
(
W (0)−νW (n)3µ −W (0)−µW (n)3ν
)
+ LNSGTGF−4 . (104)
There are also couplings involving simultaneously one neutral and one charged SM field:
LW (0)∓W (n)±W (0)3W (n)3 = −
g2
2
[ (
W (n)−µ W
(0)3
ν −W (n)−ν W (0)3µ
)(
W (0)+µW (n)3ν −W (0)+νW (n)3µ
)
+
(
W (0)+µ W
(0)3
ν −W (0)+ν W (0)3µ
)(
W (n)−µW (n)3ν −W (n)−νW (n)3µ
)
+H. c.+ LNSGTGF−5
]
. (105)
An odd number of KK excitations can appear in combination with the ∆nrs symbol. Such combinations
lead to the following couplings involving only one SM field:
LW (0)W (n)W (r)W (s) = g2∆nrs
{(
W (0)+µ W
(n)−
ν −W (0)+ν W (n)−µ
−W (0)−µ W (n)+ν +W (0)−ν W (n)+µ
)
W (r)+µW (s)−ν
−
[(
W (n)−µ W
(0)3
ν −W (n)−ν W (0)3µ
+W (0)−µ W
(n)3
ν −W (0)−ν W (n)3µ
)
W (r)+µW (s)3ν +H. c.
]}
. (106)
These couplings are not modified by covariant nonlinear gauge–fixing procedures as the one discussed
above. These vertices only can contribute to SM Green’s functions at two–loop or higher orders. There are
no more couplings among electroweak gauge fields and their KK excitations. Although pure KK couplings
first contribute to SM observables at the two–loop level, they can contribute to nonstandard observables
since lower levels. The corresponding trilinear and quartic vertices are given by the Lagrangian
LKK−gauge = −1
2
Wˆ (n)−µν Wˆ
(n)+µν − 1
4
Wˆ (n)3µν Wˆ
(n)3µν
−g
2
2
[
W (m)+µ W
(m)−
ν
(
W (n)−µW (n)+ν −W (n)+µW (n)−ν
)
+2W (m)+µ W
(m)3
ν
(
W (n)−µW (n)3ν −W (n)−νW (n)3µ
) ]
, (107)
where
Wˆ (n)+µν = W
(n)+
µν + ig∆
nrs
(
W (r)+µ W
(s)3
ν −W (r)+ν W (s)3µ
)
(108)
Wˆ (n)3µν = W
(n)3
µν + ig∆
nrs
(
W (r)−µ W
(s)+
ν −W (r)+ν W (s)−µ
)
. (109)
These trilinear and quartic vertices are not affected by the gauge fixing–procedure given above.
The couplings among gluons and their KK excitations have been discussed in Ref. [2], within the
context of the nonlinear gauge–fixing procedure presented above.
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3.4 Scalar–fermion couplings
The couplings of scalars with pairs of leptons or quarks arise from the Yukawa sector. To simplify the
notation, we will use f (0), f
(n)
a and fˆ
(n)
a instead of f ′(0), f˜
(n)
a and
˜ˆ
f
(n)
a for denoting the mass eigenstates
fields (see Appendix C). For comparison purposes, in each case the SM vertex will be included, if present.
The couplings of the Higgs boson H(0) to pairs of fermions are given by the Lagrangian
LH(0)f(n)f(n) = −
gm
f
(0)
a
2mW (0)
H(0)
{
f¯ (0)a f
(0)
a +
[
sinα
(n)
fa
(
f¯ (n)a f
(n)
a +
¯ˆ
f (n)a fˆ
(n)
a
)
+cosα
(n)
fa
(
f¯ (n)a γ5fˆ
(n)
a − ¯ˆf (n)a γ5f (n)a
) ]}
, (110)
where fa stands for a charged lepton or quark and the α
(n)
fa
angle is defined in Appendix C. Notice the
presence of flavor violating couplings. Other interactions of the type ϕ(0)ϕ(n)ϕ(n) are
Lf(0)f(n)H(n) = −
gm
f
(0)
a
2mW (0)
f¯ (0)a
[(
sin
α
(n)
fa
2
PR + cos
α
(n)
fa
2
PL
)
f (n)a
+
(
cos
α
(n)
fa
2
PR + sin
α
(n)
fa
2
PL
)
fˆ (n)a
]
H(n) +H. c. , (111)
Lf(0)f(n)A(n) = −
igm
f
(0)
a
cβ
2mW (0)
f¯ (0)a
[(
sin
α
(n)
fa
2
PR − cos
α
(n)
fa
2
PL
)
f (n)a
+
(
cos
α
(n)
fa
2
PR − sin
α
(n)
fa
2
PL
)
fˆ (n)a
]
A(n) +H. c. (112)
Regarding charged currents mediated by the H(n)± excitations, the lepton sector is flavor–family conserv-
ing, which is a consequence of the freedom to choice the unitary transformation (220). The corresponding
Lagrangian is given by
LνeH+ = −
gme(0)cα
mW (0)
∑
families
(
ν¯
(0)
L eˆ
(n)
R + ν¯
(n)
L eˆ
(0)
R
)
H(n)+ +H. c. (113)
In contrast, there is no way to avoid the presence of flavor violation in the quark sector. In this case, the
Lagrangian characterizing the vertices of the way q(0)q(n)H(n)± is given by
Lq(0)q(n)H(n)± =
gcα√
2mW (0)
H(n)+
[
U¯ (0)PRV
(0)
d
(
sin
α
(n)
d
2
D(n) + cos
α
(n)
d
2
Dˆ(n)
)
+
(
cos
α
(n)
u
2
U¯ (n) + sin
α
(n)
u
2
¯ˆ
U
(n)
)
PRV
(0)
d D
(0)
]
+ H. c.
− gcα√
2mW (0)
H(n)−
[
D¯(0)PRV
(0)†
u
(
sin
α
(n)
u
2
U (n) + cos
α
(n)
u
2
Uˆ (n)
)
+
(
cos
α
(n)
d
2
D¯(n) + sin
α
(n)
d
2
¯ˆ
D
(n)
)
PRV
(0)†
u U
(0)
]
+ H. c. , (114)
where
V
(0)
d = KM
(0)
d , (115)
V (0)u = KM
(0)
u , (116)
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with K = V uL V
d†
L being the Cabibbo-Kobayashi-Maskawa matrix and M
(0)
u (M
(0)
d ) is the diagonal mass
matrix of the SM quarks of type up (down).
The Yukawa sector also induces vertices involving only KK excitations. We first exhibit the charged
currents mediated by the H(n)± scalars. In the lepton sector, these currents are given by
LH(s)+N(n)E(r) = −
gcα√
2mW (0)
H(s)+
[
sin
α
(r)
e
2
N¯ (n)M (0)e (∆
nrsPR +∆
′nrsPL)E(r)
+cos
α
(r)
e
2
N¯ (n)M (0)e (∆
nrsPR −∆′nrsPL) Eˆ(r)
]
+ H. c. , (117)
where M
(0)
e is the diagonal mass matrix of the SM charged leptons. On the other hand, in the quark
sector such currents can be written as follows:
LH(s)±U(n)D(r) = −
gcα√
2mW (0)
H(s)+
[
sin
α
(r)
d
2
cos
α
(n)
u
2
U¯ (n)V
(0)
d (∆
nrsPR +∆
′nrsPL)D(r)
+sin
α
(r)
u
2
cos
α
(n)
d
2
¯ˆ
U
(n)
V
(0)
d (∆
nrsPR +∆
′nrsPL) Dˆ(r)
+cos
α
(r)
d
2
cos
α
(n)
u
2
U¯ (n)V
(0)
d (∆
nrsPR −∆′nrsPL) Dˆ(r)
+sin
α
(r)
d
2
sin
α
(n)
u
2
¯ˆ
U
(n)
V
(0)
d (∆
nrsPR −∆′nrsPL)D(r)
]
+ H. c.
+
gcα√
2mW (0)
H(s)−
[
sin
α
(r)
u
2
cos
α
(n)
d
2
D¯(n)V (0)u (∆
nrsPR +∆
′nrsPL)U (r)
+sin
α
(r)
d
2
cos
α
(n)
u
2
¯ˆ
D
(n)
V (0)u (∆
nrsPR +∆
′nrsPL) Uˆ (r)
+cos
α
(r)
u
2
cos
α
(n)
d
2
D¯(n)V (0)u (∆
nrsPR −∆′nrsPL) Uˆ (r)
+sin
α
(r)
u
2
sin
α
(n)
d
2
¯ˆ
D
(n)
V (0)u (∆
nrsPR −∆′nrsPL)U (r)
]
+ H. c. (118)
Finally, the neutral currents mediated by the H(s) and A(s) scalars can be written as follows:
LH(s)F(n)F(r) = −
g
2mW (0)
H(s)
∑
F=E,D,U
{
sin
α
(n)
F
2
cos
α
(n)
F
2
[
F¯
(n)M
(0)
F
(∆nrs +∆′nrs)F(r)
+
¯ˆ
F
(n)
M
(0)
F
(∆nrs +∆′nrs) Fˆ(r)
]
+F¯(n)M
(0)
F
[
∆nrs
(
cos2
α
(n)
F
2
PR + sin
2 α
(n)
F
2
PL
)
−∆′nrs
(
cos2
α
(n)
F
2
PL + sin
2 α
(n)
F
2
PR
)]
Fˆ
(r)
+
¯ˆ
F
(n)
M
(0)
F
[
∆nrs
(
cos2
α
(n)
F
2
PL + sin
2 α
(n)
F
2
PR
)
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−∆′nrs
(
cos2
α
(n)
F
2
PR + sin
2 α
(n)
F
2
PL
)]
F
(r)
}
, (119)
LA(s)F(n)F(r) = −
ig
2mW (0)
A(s)
∑
F=E,D,U
{
sin
α
(n)
F
2
cos
α
(n)
F
2
[
F¯
(n)M
(0)
F
(∆nrs −∆′nrs) γ5F(r)
+
¯ˆ
F
(n)
M
(0)
F
(∆nrs −∆′nrs) γ5Fˆ(r)
]
+ F¯(n)M
(0)
F
[
∆nrs
(
cos2
α
(n)
F
2
PR − sin2 α
(n)
F
2
PL
)
−∆′nrs
(
cos2
α
(n)
F
2
PL − sin2 α
(n)
F
2
PR
)]
Fˆ
(r)
− ¯ˆF
(n)
M
(0)
F
[
∆nrs
(
cos2
α
(n)
F
2
PL − sin2 α
(n)
F
2
PR
)
−∆′nrs
(
cos2
α
(n)
F
2
PR − sin2 α
(n)
F
2
PL
)]
F
(r)
}
. (120)
In the above expressions, the symbol M
(0)
F
represents the diagonal SM fermionic mass matrix.
3.5 Gauge boson–fermion couplings
The couplings which we are interested in are induced by the Currents sector, discussed above. Once
again, we will use f (0), f (n), and fˆ (n) to denote the mass eigenstates fields instead of f ′(0), f˜ (n), and
˜ˆ
f (n). We first discuss the lepton sector, in which the couplings of the type V (0)f (n)f (n) are given by the
following Lagrangians:
LW (0)ν(n)e(n) =
g√
2
[
N¯
(0)
L γ
µE
(0)
L + cos
α
(n)
e
2
(
N¯ (n)γµE(n)
)
− sin α
(n)
e
2
(
N¯ (n)γµγ5Eˆ(n)
)]
W (0)+µ +H. c. , (121)
LZ(0)e(n)e(n) =
g
2cW
[
N¯
(0)
L γ
µN
(0)
L + E¯
(0)γµ
(
geV − geAγ5
)
E(0) + N¯ (n)γµN (n)
(
E¯(n)
¯ˆ
E
(n)
)
γµ

 ZEE ZEEˆ
Z
EˆE
Z
EˆEˆ



 E(n)
Eˆ(n)


]
Z(0)µ , (122)
where
ZEE = cos
2 α
(n)
e
2
− 2s2W , (123)
Z
EˆEˆ
= sin2
α
(n)
e
2
− 2s2W , (124)
Z
EEˆ
= Z
EˆE
= sin
α
(n)
e
2
cos
α
(n)
e
2
. (125)
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On the other hand, the electromagnetic current is given by
LA(0)e(n)e(n) = −e
(
E¯(0)γµE(0) + E¯(n)γµE(n) +
¯ˆ
E
(n)
γµEˆ(n)
)
A(0)µ . (126)
Notice that the SM couplings have been included. In this context, geV = −1/2 + 2s2W and geA = −1/2.
The couplings of the type V (n)f (0)f (n) are given by:
LW (n)e(0)e(n) =
g√
2
[
N¯
(n)
L γ
µE
(0)
L + cos
α
(n)
e
2
(
N¯
(0)
L γ
µE
(n)
L
)
+sin
α
(n)
e
2
(
N¯
(0)
L γ
µEˆ
(n)
L
)]
W (n)+µ +H. c. , (127)
LZ(n)e(0)e(n) =
g
2cW
[
N¯
(0)
L γ
µN
(n)
L + E¯
(0)γµ
((
2s2W − 1
)
cos
α
(n)
e
2
PL − 2s2W sin
α
(n)
e
2
PR
)
E(n)
+E¯(0)γµ
((
2s2W − 1
)
sin
α
(n)
e
2
PL − 2s2W cos
α
(n)
e
2
PR
)
Eˆ(n)
]
Z(n)µ +H. c. , (128)
LA(n)e(0)e(n) = −e
[
E¯(0)γµ
(
cos
α
(n)
e
2
PL + sin
α
(n)
e
2
PR
)
E(n)
+E¯(0)γµ
(
cos
α
(n)
e
2
PR + sin
α
(n)
e
2
PL
)
Eˆ(n)
]
A(n)µ +H. c. (129)
We now turn to discuss the couplings of the SM gauge bosons (V (0) = G(0),W (0), Z(0), A(0)) with
pairs of KK quark excitations. In the electroweak sector, the charged currents are given by the following
Lagrangian
LW (0)u(n)d(n) =
g√
2
[
U¯
(0)
L Kγ
µD
(0)
L
+
(
U¯ (n)
¯ˆ
U
(n)
)
Kγµ

 WUD WUDˆ
W
UˆD
W
UˆDˆ



 D(n)
Dˆ(n)


]
W (0)+µ +H. c. , (130)
where
WUD = cos
α
(n)
u
2
cos
α
(n)
d
2
, (131)
W
UˆDˆ
= sin
α
(n)
u
2
sin
α
(n)
d
2
, (132)
W
UDˆ
= − sin α
(n)
d
2
cos
α
(n)
u
2
, (133)
W
UˆD
= − sin α
(n)
u
2
cos
α
(n)
d
2
. (134)
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As far as the neutral currents are concerned, they have the following structure
LZ(0)q(n)q(n) =
g
cW
Z(0)µ
{
U¯ (0)γµ
(
guV − guAγ5
)
U (0) + D¯(0)γµ
(
gdV − gdAγ5
)
D(0)
+
(
U¯ (n)
¯ˆ
U (n)
)
γµ

 Z
q
UU Z
q
UUˆ
γ5
Zq
UˆU
γ5 Zq
UˆUˆ



 U (n)
Uˆ (n)


+
(
D¯(n)
¯ˆ
D(n)
)
γµ

 Z
q
DD Z
q
DDˆ
γ5
Zq
DˆD
γ5 Zq
DˆDˆ



 D(n)
Dˆ(n)

}, (135)
where
ZqUU =
(
1
2
−Qu
)
cos2
α
(n)
u
2
−Qus2W sin2
α
(n)
u
2
, (136)
Zq
UˆUˆ
=
(
1
2
−Qu
)
sin2
α
(n)
u
2
−Qus2W cos2
α
(n)
u
2
, (137)
Zq
UUˆ
= Zq
UˆU
= −
(
1
2
−Quc2W
)
sin
α
(n)
u
2
cos
α
(n)
u
2
, (138)
ZqDD =
(
1
2
+Qd
)
cos2
α
(n)
d
2
+Qds
2
W sin
2 α
(n)
d
2
, (139)
Zq
DˆDˆ
=
(
1
2
+Qd
)
sin2
α
(n)
d
2
+Qds
2
W cos
2 α
(n)
d
2
, (140)
Zq
DDˆ
= Zq
DˆD
= −
(
1
2
+Qdc
2
W
)
sin
α
(n)
d
2
cos
α
(n)
d
2
. (141)
In addition, gu,dV = 1/2−Qu,ds2W and gu,dA = 1/2. The electromagnetic current is given by
LA(0)q(n)q(n) = e
∑
q=u,d,...
Qq
(
q¯(0)γµq(0) + q¯(n)γµq(n) + ¯ˆq
(n)
γµqˆ(n)
)
A(0)µ . (142)
The couplings of quarks to SM gluons are also diagonal:
LG(0)q(n)q(n) = gs
∑
q=u,d,...
(
q¯(0)γµ
λa
2
q(0) + q¯(n)γµ
λa
2
q(n) + ¯ˆq
(n)
γµ
λa
2
qˆ(n)
)
G(0)aµ . (143)
On the other hand, the couplings of a SM quark q(0) with pairs of KK excitations q(n)V (n) (V (n) =
G(n)a,W (n), Z(n), A(n)) can be written as follows:
LW (n)q(0)q(n) =
g√
2
{
U¯ (0)Kγµ
[(
cos
α
(n)
d
2
PL + sin
α
(n)
d
2
PR
)
D(n)
+
(
sin
α
(n)
d
2
PL + cos
α
(n)
d
2
PR
)
Dˆ(n)
]
W (n)+µ
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+D¯(0)K†γµ
[(
cos
α
(n)
u
2
PL + sin
α
(n)
u
2
PR
)
U (n)
+
(
sin
α
(n)
u
2
PL + cos
α
(n)
u
2
PR
)
Uˆ (n)
]
W (n)−µ
}
+H. c. (144)
LZ(n)q(0)q(n) =
g
cW
{(
1
2
− s2WQu
)
U¯ (0)γµ
[(
cos
α
(n)
u
2
PL + sin
α
(n)
u
2
PR
)
U (n)
+
(
sin
α
(n)
u
2
PL + cos
α
(n)
u
2
PR
)
Uˆ (n)
]
+
(
1
2
+ s2WQd
)
D¯(0)γµ
[(
cos
α
(n)
d
2
PL + sin
α
(n)
d
2
PR
)
D(n)
+
(
sin
α
(n)
d
2
PL + cos
α
(n)
d
2
PR
)
Dˆ(n)
]}
Z(n)µ +H. c. , (145)
LA(n)q(0)q(n) = e
{
QuU¯
(0)γµ
[(
cos
α
(n)
u
2
PL + sin
α
(n)
u
2
PR
)
U (n)
+
(
sin
α
(n)
u
2
PL + cos
α
(n)
u
2
PR
)
Uˆ (n)
]
+QdD¯
(0)γµ
[(
cos
α
(n)
d
2
PL + sin
α
(n)
d
2
PR
)
D(n)
+
(
sin
α
(n)
d
2
PL + cos
α
(n)
d
2
PR
)
Dˆ(n)
]}
A(n)µ +H. c. , (146)
LG(n)q(0)q(n) = gs
{
U¯ (0)γµ
λa
2
[(
cos
α
(n)
u
2
PL + sin
α
(n)
u
2
PR
)
U (n)
+
(
sin
α
(n)
u
2
PL + cos
α
(n)
u
2
PR
)
Uˆ (n)
]
+D¯(0)γµ
λa
2
[(
cos
α
(n)
d
2
PL + sin
α
(n)
d
2
PR
)
D(n)
+
(
sin
α
(n)
d
2
PL + cos
α
(n)
d
2
PR
)
Dˆ(n)
]}
G(n)aµ +H. c. (147)
We now turn to discuss those couplings that involve only KK excitations. The corresponding couplings
in the lepton sector are given by
Lν(n)e(s)W (r) =
g√
2
[
cos
α
(s)
e
2
N¯ (n)γµ (∆nrsPL +∆
′nrsPR)E(s)
+sin
α
(s)
e
2
N¯ (n)γµ (∆nrsPL −∆′nrsPR) Eˆ(s)
]
W (r)+µ +H. c. , (148)
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Le(n)e(s)Z(r) =
g
2cW
Z(r)µ
[
N¯ (n)γµ (∆nrsPL +∆
′nrsPR)N (s)
+
(
E¯(n)
¯ˆ
E
(n)
)
γµ

 ZnrsEE ZnrsEEˆ
Znrs
EˆE
Znrs
EˆEˆ



 E(s)
Eˆ(s)

] , (149)
where
ZnrsEE =
[
cos2
α
(s)
e
2
(
2s2W − 1
)
∆nrs + 2 sin2
α(s)e
2
s2W∆
′nrs
]
PL
+
[
cos2
α
(s)
e
2
(
2s2W − 1
)
∆′nrs + 2 sin2
α
(s)
e
2
s2W∆
nrs
]
PR , (150)
Znrs
EˆEˆ
=
[
sin2
α
(s)
e
2
(
2s2W − 1
)
∆nrs + 2 cos2
α
(s)
e
2
s2W∆
′nrs
]
PL
+
[
sin2
α
(s)
e
2
(
2s2W − 1
)
∆′nrs + 2 cos2
α
(s)
e
2
s2W∆
nrs
]
PR , (151)
Znrs
EEˆ
= Znrs
EˆE
= sin
α
(s)
e
2
cos
α
(s)
e
2
{ [(
2s2W − 1
)
∆nrs − 2s2W∆′rns
]
PL
− [(2s2W − 1)∆′nrs − 2s2W∆rns]PR} , (152)
Le(n)e(s)A(r) = −e

(E¯(n) ¯ˆE(n)) γµ

 AnrsEE AnrsEEˆ
Anrs
EˆE
Anrs
EˆEˆ



 E(s)
Eˆ(s)



A(r)µ , (153)
with
AnrsEE =
(
cos2
α
(s)
e
2
∆nrs + sin2
α
(s)
e
2
∆′nrs
)
PL
+
(
cos2
α
(s)
e
2
∆′nrs + sin2
α
(s)
e
2
∆nrs
)
PR , (154)
Anrs
EˆEˆ
=
(
sin2
α
(s)
e
2
∆nrs + cos2
α
(s)
e
2
∆′nrs
)
PL
+
(
sin2
α
(s)
e
2
∆′nrs + cos2
α
(s)
e
2
∆nrs
)
PR , (155)
Anrs
EEˆ
= Anrs
EˆE
= sin
α
(s)
e
2
cos
α
(s)
e
2
(∆nrs −∆′nrs) . (156)
As far as the quark sector is concerned, the charged currents can be written as follows
Lq(n)q(s)W (r) =
g√
2

(U¯ (n) ¯ˆU (n))Kγµ

 WnrsUD WnrsUDˆ
Wnrs
UˆD
Wnrs
UˆDˆ



 D(s)
Dˆ(s)



W (r)+µ +H. c. , (157)
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where
WnrsUD = cos
α
(n)
u
2
cos
α
(s)
d
2
(∆nrsPL +∆
′nrsPR) (158)
Wnrs
UˆDˆ
= sin
α
(n)
u
2
sin
α
(s)
d
2
(∆nrsPL +∆
′nrsPR) (159)
Wnrs
UDˆ
= cos
α
(n)
u
2
sin
α
(s)
d
2
(∆nrsPL −∆′nrsPR) (160)
Wnrs
UˆD
= sin
α
(n)
u
2
cos
α
(s)
d
2
(∆nrsPL −∆′nrsPR) . (161)
On the other hand, the neutral currents are given by
Lq(n)q(s)Z(r) =
g
2cW
sin
α
(s)
q
2
cos
α
(s)
q
2
Z(r)µ
×
[(
U¯ (n)
¯ˆ
U
(n)
)
γµ


cot
α(s)q
2 Z
nrs
UU Z
nrs
UUˆ
Znrs
UˆU
tan
α(s)q
2 Z
nrs
UˆUˆ



 U (s)
Uˆ (s)


−
(
D¯(n)
¯ˆ
D
(n)
)
γµ


cot
α(s)q
2 Z
nrs
DD Z
nrs
DDˆ
Znrs
DˆD
tan
α(s)q
2 Z
nrs
DˆDˆ



 D(s)
Dˆ(s)

] (162)
where
ZnrsUU = Z
nrs
UˆUˆ
=
[(
1− 2s2WQu
)
∆nrs − 2s2WQu∆′nrs
]
PL
+
[(
1− 2s2WQu
)
∆′nrs − 2s2WQu∆nrs
]
PR , (163)
Znrs
UUˆ
= Znrs
UˆU
=
[(
1− 2s2WQu
)
∆nrs − 2s2WQu∆′nrs
]
PL
− [(1− 2s2WQu)∆′nrs − 2s2WQu∆nrs]PR , (164)
ZnrsDD = Z
nrs
DˆDˆ
= ZnrsUU (Qu → −Qd) , (165)
Znrs
DDˆ
= Znrs
DˆD
= Znrs
UUˆ
(Qu → −Qd) , (166)
Lq(n)q(s)A(r) = eA(r)µ
[
Qu
(
U¯ (n)
¯ˆ
U
(n)
)
γµ

 AnrsUU AnrsUUˆ
Anrs
UˆU
Anrs
UˆUˆ



 U (s)
Uˆ (s)


+Qd
(
D¯(n)
¯ˆ
D
(n)
)
γµ

 AnrsDD AnrsDDˆ
Anrs
DˆD
Anrs
DˆDˆ



 D(s)
Dˆ(s)

] (167)
with
AnrsUU = A
nrs
DD =
(
cos2
α
(s)
q
2
∆nrs + sin2
α
(s)
q
2
∆′nrs
)
PL
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+(
sin2
α
(s)
q
2
∆nrs + cos2
α
(s)
q
2
∆′nrs
)
PR , (168)
Anrs
UˆUˆ
= Anrs
DˆDˆ
=
(
sin2
α
(s)
q
2
∆nrs + cos2
α
(s)
q
2
∆′nrs
)
PL
+
(
cos2
α
(s)
q
2
∆nrs + sin2
α
(s)
q
2
∆′nrs
)
PR , (169)
Anrs
UUˆ
= Anrs
UˆU
= Anrs
DDˆ
= Anrs
DˆD
= sin
α
(s)
q
2
cos
α
(s)
q
2
(∆nrs −∆′nrs) . (170)
Finally, the couplings to the gluon are given by
Lq(n)q(s)G(r) = gs
∑
q

(q¯(n) ¯ˆq(n)) λa
2
γµ

 Anrsqq Qnrsqqˆ
Qnrsqˆq Q
nrs
qˆqˆ



 q(s)
qˆ(s)



G(r)aµ , (171)
where
Qnrsqq =
(
cos2
α
(s)
q
2
∆nrs + sin2
α
(s)
q
2
∆′nrs
)
PL
+
(
sin2
α
(s)
q
2
∆nrs + cos2
α
(s)
q
2
∆′nrs
)
PR , (172)
Qnrsqˆqˆ =
(
sin2
α
(s)
q
2
∆nrs + cos2
α
(s)
q
2
∆′nrs
)
PL
+
(
cos2
α
(s)
q
2
∆nrs + sin2
α
(s)
q
2
∆′nrs
)
PR , (173)
Qnrsqqˆ = Q
nrs
qˆq = sin
α
(s)
q
2
cos
α
(s)
q
2
(∆nrs −∆′nrs) . (174)
4 Summary
In this paper, a comprehensive analysis of the SM in five dimensions, with the extra dimension com-
pactified on the orbifold S1/Z2 of radius R, was presented. The mass eingenstate fields were determined
in both the fermionic and bosonic sectors. The KK zero modes, which coincide with the SM fields, are
endowed with mass through the usual Higgs mechanism, whereas the masses of the KK excitations receive
contributions from both the compactification and the Higgs mechanism. The masses of the fermionic KK
excitations receive contributions from the Currents sector via compactification and also from the Yukawa
sector through the Higgs mechanism. It occurs that there is a double multiplicity, f (n) and fˆ (n), for
each charged lepton and quark, which are mass degenerate, with mass given by m2
f(n)
=
(
n
R
)2
+m2
f(0)
.
The zero modes of the neutrinos remain massless, for they are the well known SM left–handed neutri-
nos, whereas their KK excitations arise in both types of helicities and have, therefore, a mass given by
mν(n) =
n
R
. In contrast with the case of charged fermions, there are no partners of the ν(n) neutrinos, as
there are no right–handed neutrinos in the four–dimensional theory. For each species of charged fermions,
a mix between it and its partner arises, which is characterized by an angle given by tanα
(n)
fa
=
m
f(0)
n
R
.
The SM gauge bosons receive their masses via the Higgs mechanism, whereas their KK excitations are
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endowed with mass through the compactification and the Higgs mechanisms. While the mass contribu-
tion produced by compactification is engendered in the Yang–Mills sector, that introduced by the Higgs
mechanism comes from the Higgs kinetic term. These masses are given by m2
V (n)
=
(
n
R
)2
+m2
V (0)
, for
V =W,Z, and mV (n) =
(
n
R
)
, for V = γ, g. On the other hand, the KK excitations of the Higgs doublet,
Φ(n), determine physical KK excitations, namely, the charged H(n)± scalars, which have masses given by
mH(n)+ = mW (n)+ , so they can be seen as KK excitations of the pseudo–Goldstone bosonG
±
W (0)
associated
with the W (0)± gauge boson. With respect to the down component of Φ(n), its real part, H(n), represents
a KK excitation of the SM Higgs boson, H(0), and has a mass given by m2
H(n)
=
(
n
R
)2
+ m2
H(0)
. The
imaginary part of this component, A(n), represents a neutral CP–odd scalar with mass mA(n) = mZ(n) ,
which can be seen as a KK excitation of the pseudo–Goldstone boson GZ(0) associated with the Z
(0) gauge
boson. It is important to stress that the mass terms induced by compactification are invariant under the
SGT. This is the reason why the KK effects decouple from SM observables in the heavy mass limit. The
one–loop renormalizability of standard Green’s functions is implicit in this. It is worth commenting that
the couplings of the SM gauge fields to pairs of fermions f (n)f (n) or fˆ (n)fˆ (n) are vector–like, but the
couplings involving flavor violating pairs f (n)fˆ (n) are purely axial (γµγ5). This is true for charged and
neutral currents mediated by W
(0)±
µ and Z
(0)
µ , respectively. Similarly, scalar and pseudoscalar neutral
currents are mediated by the H(0) Higgs boson. However, charged currents mediated by KK excitations
W
(n)±
µ have a general V − A structure. A similar behavior is observed for neutral currents mediated
by KK excitations Z
(n)
µ and A
(n)
µ . Charged and neutral currents mediated by the H(n)±, H(n), and
A(n) scalar KK excitations also present a general scalar–pseudo scalar structure. Concerning the issue of
quantization, a quantum action was defined by using the field–antifield formalism, in which the BRST
symmetry arises naturally. Two gauge–fixing procedures that allowed us to remove the degeneration
associated with the SGT and the NSGT were introduced. Since the SGT and the NSGT do not mix
the zero modes and the KK excitations of the gauge parameters, such gauge–fixing procedures can be
implemented independently of each other. So, for the SGT associated with the color group we introduced
a conventional linear Rξ–gauge, whereas in the case of the local NSGT, to which are subject the KK gluon
excitations, we defined a Rξ–gauge scheme that is covariant under the SGT of SUC(3). As far as the
gauge electroweak sector is concerned, the degeneration associated with the SGT of the electroweak group
was removed by introducing a Rξ–gauge procedure that is covariant under the electromagnetic group.
On the other hand, to remove the degeneration associated with the NSGT we introduced gauge-fixing
functions that transform covariantly under the SGT of the SUL(2) × UY(1) group. The corresponding
Faddeev–Popov ghost terms were expressed in terms of derivatives of the gauge–fixing functions, from
which explicit Feynman rules can be derived.
Appendix A The boson masses
The mass term for the gauge fields is given by
Lgaugemass =
∑
n=0
{[
1
2
( n
R
)2
+
g2v2
8
] (
W (n)1µ W
(n)1µ +W (n)2µ W
(n)2µ
)
+
(
W (n)3µ , B
(n)
µ
)
M (n)

 W (n)3µ
B(n)µ


}
, (175)
where
M (n) =
1
2
( n
R
)2
I +M (0) , (176)
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with I representing the 2× 2 identity matrix and
M (0) =
v2
8

 g2 −gg′
−gg′ g′2

 . (177)
The M (n) matrix is diagonalized by the well–known orthogonal matrix
R =

 cW sW
−sW cW

 , (178)
where sW and cW stand for the sine and cosine of the weak angle, given by tan θW = g
′/g. The mass
eigenstate fields and their corresponding masses are given by
W (n)+µ =
1√
2
(
W (n)1µ − iW (n)2µ
)
, n = 0, 1, · · · , (179)
W (n)−µ =
1√
2
(
W (n)1µ + iW
(n)2
µ
)
, n = 0, 1, · · · , (180)
m2
W (n)
=
( n
R
)2
+m2
W (0)
, n = 0, 1, · · · , (181)
Z(n)µ = cWW
(n)3
µ − sWB(n)µ , n = 0, 1, · · · , (182)
A(n)µ = sWW
(n)3
µ + cWB
(n)
µ , n = 0, 1, · · · , (183)
m2Z(n) =
( n
R
)2
+m2Z(0) , n = 0, 1, · · · , (184)
m2
γ(n)
=
( n
R
)2
, n = 0, 1, · · · , (185)
where mW (0) and mZ(0) are the SM masses for the W and Z gauge bosons, respectively.
Concerning the mass spectrum of the scalar fields, the up components of the Higgs doublets Φ(n),
denoted by φ(n)±, mix with the charged fields W (n)±5 ≡ 1√2
(
W
(n)1
5 ∓ iW (n)25
)
as follows:
Lcsmass = −
(
φ(n)−,W (n)−5
)
(
n
R
)2
imW (0)
(
n
R
)
−imW (0)
(
n
R
)
m2
W (0)



 φ(n)+
W
(n)+
5


= −m2W (n)H(n)−H(n)+ , n = 1, 2, · · · , (186)
where the physical fields H(n)± and the pseudo–Goldstone bosons G±
W (n)
are related to the original gauge
eigenstates through the following unitary transformation
 H(n)+
G+
W (n)

 =

 cα isα
sα −icα



 φ(n)+
W
(n)+
5

 , (187)
with the angle α given by
tanα =
mW (0)(
n
R
) . (188)
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The pseudo–Goldstone bosons associated with the standard gauge fieldsW
(0)±
µ and Z
(0)
µ are, respectively,
the up component of Φ(0) and the imaginary part of the down component of Φ(0):
Φ(0) =


G+
W (0)
v+H(0)+iG
Z(0)√
2

 , (189)
where H(0) is the SM Higgs boson. On the other hand, the mass terms for the neutral fields W
(n)3
5 , B
(n)
5 ,
H(n), and φ
(n)
I , being the latter two fields the real and imaginary parts of the down component of the
Φ(n) doublet, can be written as
Lnsmass = −
1
2
m2
H(n)
H(n)H(n)
−1
2
(
φ
(n)
I , Wˆ
(n)3
5
)
(
n
R
)2 −mZ(0) ( nR)
−mZ(0)
(
n
R
)
m2
Z(0)



 φ
(n)
I
Wˆ
(n)3
5

 (190)
where we have carried out the following rotation
 W
(n)3
5
B
(n)
5

 =

 cW sW
−sW cW



 Wˆ (n)35
GA(n)

 . (191)
In the above expression, GA(n) is the pseudo Goldstone boson associated with the gauge boson A
(n)
µ . In
addition, the masses of the KK excitations of H(0) are given by
m2
H(n)
=
( n
R
)2
+m2
H(0)
, (192)
where mH(0) is the SM Higgs mass. The above mass matrix can be diagonalized through the following
orthogonal rotation 
 φ
(n)
I
Wˆ
(n)3
5

 =

 cβ sβ
−sβ cβ



 A(n)
GZ(n)

 , (193)
where GZ(n) is the pseudo–Goldstone boson associated with the gauge KK mode Z
(n)
µ and A(n) represents
a physical pseudoscalar field with mass given by mA(n) = mZ(n) . In addition,
tanβ =
mZ(0)(
n
R
) . (194)
Notice that
tanα
tanβ
= cW . (195)
Appendix B Definitions in the Currents sector
The covariant objects appearing in Eq. (76) are given by
(DµF )
(0)
L = D
(0)
µ F
(0)
L −
(
igs
λa
2
G(n)aµ + ig
σi
2
W (n)iµ + ig
′Y
2
B(n)µ
)
F
(n)
L , (196)
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(DµF )
(n)
L = D
(0)
µ F
(n)
L −
(
igs
λa
2
G(n)aµ + ig
σi
2
W (n)iµ + ig
′Y
2
B(n)µ
)
F
(0)
L
−∆nrs
(
igs
λa
2
G(r)aµ + ig
σi
2
W (r)iµ + ig
′Y
2
B(r)µ
)
F
(s)
L , (197)
(DµF )
(n)
R = D
(0)
µ F
(n)
R −∆′nrs
(
igs
λa
2
G(r)aµ + ig
σi
2
W (r)iµ + ig
′Y
2
B(r)µ
)
F
(s)
R , (198)
(D5F )
(0)
L =
(
igs
λa
2
G
(n)a
5 + ig
σi
2
W
(n)i
5 + ig
′Y
2
B
(n)
5
)
F
(n)
R , (199)
(D5F )
(n)
L =
n
R
F
(n)
R −∆′nrs
(
igs
λa
2
G
(r)a
5 + ig
σi
2
W
(r)i
5 + ig
′Y
2
B
(r)
5
)
F
(s)
R , (200)
(D5F )
(n)
R = −
n
R
F
(n)
L −
(
igs
λa
2
G
(n)a
5 + ig
σi
2
W
(n)i
5 + ig
′Y
2
B
(n)
5
)
F
(0)
L
−∆′nrs
(
igs
λa
2
G
(r)a
5 + ig
σi
2
W
(r)i
5 + ig
′Y
2
B
(r)
5
)
F
(s)
L , (201)
and
(Dµfˆ)
(0)
R = D
(0)
µ f
(0)
R −
(
igs
λa
2
G(n)aµ + ig
′Y
2
B(n)µ
)
fˆ
(n)
R , (202)
(Dµfˆ)
(n)
R = D
(0)
µ fˆ
(n)
R −
(
igs
λa
2
G(n)aµ + ig
′Y
2
B(n)µ
)
f
(0)
R
−∆nrs
(
igs
λa
2
G(r)aµ + ig
′Y
2
B(r)µ
)
fˆ
(s)
R , (203)
(Dµfˆ)
(n)
L = D
(0)
µ fˆ
(n)
L −∆′nrs
(
igs
λa
2
G(r)aµ + ig
′Y
2
B(r)µ
)
fˆ
(s)
L , (204)
(D5fˆ)
(0)
R =
(
igs
λa
2
G
(n)a
5 + ig
′Y
2
B
(n)
5
)
fˆ
(n)
L , (205)
(D5f)
(n)
R =
n
R
fˆ
(n)
L −∆′nrs
(
igs
λa
2
G
(r)a
5 + ig
′Y
2
B
(r)
5
)
fˆ
(s)
L , (206)
(D5fˆ)
(n)
L = −
n
R
fˆ
(n)
R −
(
igs
λa
2
G
(n)a
5 + ig
′Y
2
B
(n)
5
)
f
(0)
R
−∆′nrs
(
igs
λa
2
G
(r)a
5 + ig
′Y
2
B
(r)
5
)
fˆ
(s)
R . (207)
In the above expressions, an appropriate application of the covariant derivative is assumed. For example,
D
(0)
µ e
(0)
R = (∂µ − ig′B(0)µ Y/2)e(0)R , but D(0)µ d(0)R = (∂µ − igsG(0)aµ λa/2− ig′B(0)µ Y/2)d(0)R .
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Appendix C The fermion masses
As commented in Sec. II, the masses of the fermions emerge from both the Yukawa and the Currents
sectors. The corresponding Lagrangian is given by
− Lfmass =
3∑
a,b=1
{(
λeabL¯
(0)
Lae
(0)
Rb + λdabQ¯
(0)
Lad
(0)
Rb
)
Φ
(0)
0 + λuabQ¯
(0)
Lau
(0)
Rb Φ˜
(0)
0
+λeab
(
L¯
(n)
La eˆ
(n)
Rb + L¯
(n)
Ra eˆ
(n)
Lb
)
Φ
(0)
0 + λdab
(
Q¯
(n)
La dˆ
(n)
Rb + Q¯
(n)
Ra dˆ
(n)
Lb
)
Φ
(0)
0
+λuab
(
Q¯
(n)
La uˆ
(n)
Rb + Q¯
(n)
Ra uˆ
(n)
Lb
)
Φ˜
(0)
0
}
+
3∑
a=1
{( n
R
)(
L¯
(n)
aLL
(n)
aR +
¯ˆe
(n)
aR eˆ
(n)
aL
+Q¯
(n)
aLQ
(n)
aR +
¯ˆ
d
(n)
aR dˆ
(n)
aL +
¯ˆu
(n)
aR uˆ
(n)
aL
)}
+ H. c. (208)
In the flavor space, this Lagrangian can be written as follows:
− Lfmass = E¯(0)L ΛeE(0)R + E¯(n)L ΛeEˆ(n)R + E¯(n)R ΛeEˆ(n)L
+
( n
R
)(
E¯
(n)
L E
(n)
R +
¯ˆ
E
(n)
R Eˆ
(n)
L + N¯
(n)
L N
(n)
R
)
+D¯
(0)
L ΛdD
(0)
R + D¯
(n)
L ΛdDˆ
(n)
R + D¯
(n)
R ΛdDˆ
(n)
L
+
( n
R
)(
D¯
(n)
L D
(n)
R +
¯ˆ
D
(n)
R Dˆ
(n)
L
)
+U¯
(0)
L ΛuU
(0)
R + U¯
(n)
L ΛuUˆ
(n)
R + U¯
(n)
R ΛuUˆ
(n)
L
+
( n
R
)(
U¯
(n)
L U
(n)
R +
¯ˆ
U
(n)
R Uˆ
(n)
L
)
+H. c. , (209)
where Λe,d,u =
v√
2
λe,d,u are matrices in the flavor space. Additionally,
E
(n)
L,R =


e(n)
µ(n)
τ (n)


L,R
, n = 0, 1, · · · ; N (n)L,R =


ν
(n)
e
ν
(n)
µ
ν
(n)
τ


L,R
, n = 1, 2, · · · , (210)
D
(n)
L,R =


d(n)
s(n)
b(n)


L,R
, U
(n)
L,R =


u(n)
c(n)
t(n)


L,R
; n = 0, 1, · · · , (211)
Eˆ
(n)
L,R =


eˆ(n)
µˆ(n)
τˆ (n)


L,R
, Dˆ
(n)
L,R =


dˆ(n)
sˆ(n)
bˆ(n)


L,R
, Uˆ
(n)
L,R =


uˆ(n)
cˆ(n)
tˆ(n)


L,R
; n = 1, 2, · · · , (212)
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The mass eigenstates of the zero modes are determined by means of the standard unitary transfor-
mations
N
′(0)
L = V
e
LN
(0)
L , (213)
E
′(0)
L,R = V
e
L,RE
(0)
L,R , (214)
D
′(0)
L,R = V
d
L,RD
(0)
L,R , (215)
U
′(0)
L,R = V
u
L,RU
(0)
L,R . (216)
Notice that, as it is usual, the left–handed neutrinos are rotated in the same way than the left–handed
charged leptons. Regarding the excited KK modes, we impose the following transformations
E
′(n)
L,R = V
e
LE
(n)
L,R , Eˆ
′(n)
L,R = V
e
REˆ
(n)
L,R , (217)
D
′(n)
L,R = V
d
LD
(n)
L,R , Dˆ
′(n)
L,R = V
d
RDˆ
(n)
L,R , (218)
U
′(n)
L,R = V
u
L U
(n)
L,R , Uˆ
′(n)
L,R = V
u
R Uˆ
(n)
L,R . (219)
We also demand that the neutrino excitations transform as the corresponding charged lepton excitations:
N
′(n)
L,R = V
e
LN
(n)
L,R . (220)
Once carried out these transformations, one obtains
− Lfmass = Lemass + Ldmass + Lumass , (221)
where
Lemass = E¯′(0)L M (0)e E′(0)R +
( n
R
)
ν¯
(n)
L ν
(n)
R
+
3∑
a=1
m
e
(n)
a
(
e¯
′(n)
aL
¯ˆe
′(n)
aL
) cosα
(n)
ea sinα
(n)
ea
sinα
(n)
ea cosα
(n)
ea



 e
′(n)
aR
eˆ
′(n)
aR

+ H. c. (222)
Ldmass = D¯′(0)L M (0)d D′(0)R
+
3∑
a=1
m
d
(n)
a
(
d¯
′(n)
aL
¯ˆ
d
′(n)
aL
) cosα
(n)
da
sinα
(n)
da
sinα
(n)
da
cosα
(n)
da



 d
′(n)
aR
dˆ
′(n)
aR

+ H. c. (223)
Lumass = U¯ ′(0)L M (0)u U ′(0)R
+
3∑
a=1
m
u
(n)
a
(
u¯
′(n)
aL
¯ˆu
′(n)
aL
) cosα
(n)
ua sinα
(n)
ua
sinα
(n)
ua cosα
(n)
ua



 u
′(n)
aR
uˆ
′(n)
aR

+ H. c. (224)
In the above expressions, M
(0)
e = diag(me(0) ,mµ(0) ,mτ (0)), etc. In addition,
tanα
(n)
fa
=
m
f
(0)
a(
n
R
) , (225)
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where fa stands for a charged lepton or quark. The mass eigenstates associated with the KK modes,
which we will denote by f˜a and
˜ˆ
fa, are given by the following unitary transformations
 f
′(n)
aL
fˆ
′(n)
aL

 = VL

 f˜
(n)
aL
˜ˆ
f
(n)
aL

 ,

 f
′(n)
aR
fˆ
′(n)
aR

 = VR

 f˜
(n)
aR
˜ˆ
f
(n)
aR

 , (226)
where
VL =


cos
α
(n)
fa
2 sin
α
(n)
fa
2
sin
α
(n)
fa
2 − cos
α
(n)
fa
2

 , VR =


cos
α
(n)
fa
2 − sin
α
(n)
fa
2
sin
α
(n)
fa
2 cos
α
(n)
fa
2

 . (227)
The f˜a and
˜ˆ
fa states are degenerate, with mass given by
m
f
(n)
a
=
√( n
R
)2
+m2
f
(0)
a
. (228)
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